The structure of the thermostable triosephosphate isomerase (TIM) from Bacillus stearothermophilus complexed with the competitive inhibitor 2-phosphoglycolate was determined by X-ray crystallography to a resolution of 2.8 A. The structure was solved by molecular replacement using XPLOR. Twofold averaging and solvent flattening was applied to improve the quality of the map. Active sites in both the subunits are occupied by the inhibitor and the flexible loop adopts the "closed" conformation in either subunit. The crystallographic R-factor is 17.6% with good geometry. The two subunits have an RMS deviation of 0.29 A for 248 C" atoms and have average temperature factors of 18.9 and 15.9 A*, respectively. In both subunits, the active site Lys 10 adopts an unusual $,$ combination.
1977), structural analysis of transition-state analogues complex Davenport et al., 1991) , site-directed mutagenesis experiments (Blacklow et al., 1991) , and quantum and molecular mechanical studies . The fundamental catalytic residues are Lys 10, His 94, and Glu 166, using Bacillus stearothermophilus amino acid sequence numbers. It is well known that the catalytic mechanism is accompanied by a conformational change in the active site. The loop formed by residues 168-178, called the "flexible loop," closes the active site when the substrate binds (Knowles, 1991) . Several substrate analogue inhibitor structures have already been reported showing three different conformations of the flexible loop: "open" when there is no ligand at the active site (Noble, 1992) , "partially closed" when sulfate is bound (Wierenga et al., 1991a) , and "closed" when substrate analogue inhibitors are bound Noble et al., 1991a Noble et al., , 1991b . A unique case has been reported in which N-hydroxy-4-phosphono-butanamide, an inhibitor that is one carbon atom longer than the substrate, binds with the open conformation of the loop (Verlinde et al., 1 992).
At present, 18 sequences of triosephosphate isomerases are known ( Fig. 1 ) and three-dimensional structures from five different species have been reported: chicken TIM (Banner et al., 1975) ; yeast TIM ; trypanosomal TIM ; Escherichia coli TIM (Noble et al., 1993) ; and human TIM (Mande et al., 1994) . A detailed comparison of the structures of chicken, yeast, and trypanosomal TIMs has also been carried out (Wierenga et al., 1992) . However, none of these enzymes is thermostable. We report in this paper the sixth TIM structure, that of B. stearothermophilus, and compare the structure to other TIMs in order to find thermostability factors of B. stearothermophilus TIM.
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E. stearothermophilus TIM is a dimer formed by two monomers of 252 amino acids each. TIM from E. stearothermophiIus is active up to 65 "C, significantly higher than E. coli, which is active up to around 50 "C (Rentier-Delrue et al., 1993) . The former protein therefore is characterized as thermophilic and the latter as mesophilic. The comparison of sequence and structure of B. stearothermophilus TIM with their homologues may show the reasons for greater thermostability of the former enzyme. We do not expect to find a single outstanding difference that can account for the greater thermostability of the E. stearothermophilus protein, but there may be several small contributions to thermostability which, when added up, can explain the difference between the mesophilic and moderate thermophilic proteins. Factors like hydrogen bonds, salt bridges, and hydrophobicity have been discussed by several authors (Creighton, 1991; Fontana, 1991; Matthews, 1993) as being important in thermostability. The reasons for thermostability vary from protein to protein (Jaenicke, 1991) even though the energy differences involved are small (Rees & Adams, 1995) . This means that proteins may have achieved an increased thermostability by different combinations of small modifications that have improved the stability of the monomer as well as the oligomer. The results of our comparisons of six TIM structures are reported in this paper.
Results

Quality of the structure
The crystallographic studies resulted in a well-defined 2.8-A structure of B. stearothermophilus TIM with an R-factor of 0.176 and good stereochemistry. Refinement statistics of the Fig. 1 . Sequence alignment by using the program GCG (Genetics Computer Group, Inc., Copyright 1982 , Wisconsin, USA) of all known TIM sequences. In order: Copja, Coptis japonica (Okada et al., 1989) ; Maize, Zea mays (maize) (Marchionni & Gilbert, 1986) ; Human, Homo sapiens (Maquat et al., 1985) ; Macmu, Macacu mulatta (rhesus macaque) (Old & Mohrenweiser, 1988) ; Rabit, Oryctolagus cuniculus (rabbit) ; Mouse, Mus musculus (mouse) (Cheng et al., 1990) ; Chick, Callus gallus (chicken) ; Latch, Latimeria chalumnae (latimeria) (Kolb et al., 1974) ; Culta, Culex tarsalis (mosquito) (Tittiger et al., 1993) ; Drome, Drosophila melanogaster (fruit fly) (Shaw-Lee et al., 1991) ; Emeni, Emericella niduluns (Aspergillus nidulans) (McKnight et al., 1986) ; Schpo, Schizosaccharomyces pombe (fission yeast) (Russell, 1985) ; Yeast, Saccharomyces cerevisiae (baker's yeast) (Alber & Kawasaki, 1982); Trybb, Trypanosoma brucei brucei (Swinkels et al., 1986) ; Bacst, Bacillusstearothermophilus (Rentier-Delrue et al., 1993) ; Ecoli, Escherichia co[i (Pichersky et al., 1984) ; Corgl, Corynebacterium glutamicum (Eikmanns, 1992) 2.8-A structure of B. stearothermophilus TIM are shown in Table l . There are eight residues lying outside the allowed region in the Ramachandran plot (Fig.  2) . Although the residues Thr 64, Met 65, Ala 102, Ser 212, Met 365, and Ser 512 are very close to the allowed regions (residue numbers 1-252 refer to "first" subunit, 301-552 to the "second" subunit), Lys 10 and a Improper angles are used to maintain planarity or chirality of the relevant groups during refinement.
Lys 3 10 are far from allowed 6, $ combinations. This lysine has the same "unallowed" 6, $ combination in other TIM structures elucidated so far, including the higher resolution structures of trypanosoma1 as well as yeast TIMs Wierenga et al., 1992; Noble et al., 1993; Mande et al., 1994) . In the B. stearothermophilus structure, all atoms of this residue have low temperature factors. It is well known that this lysine residue is essential for activity . Lys 10 (and Lys 310) makes very strong hydrogen bonds with one of the carboxyl OXygens of the inhibitor 2PG (Fig. 3) .
Almost all the residues of the dimer are well defined in the structure. However, the C-terminal residues Glu 252 and Glu 552 Table 2. exhibited no density in any electron density map and were not included in the model. Side chains of residues Lys 175, Gln 225, His 251, from subunit 1, and Gln 320 and Glu 538, from subunit 2, have no density and were treated as alanine. The equivalent residues in the other subunit have clear density due to crystal contacts. Gln 20 is the only solvent-exposed residue that does not make any interaction with other atoms but is still visible.
Structural features of E. stearorhermophilus TIM
Overall comparison of the monomers
The overall structure of the B. stearothermophilus TIM is shown in Figure 4 and Kinemage 1 and is very similar to the other TIM structures reported. Minor differences occur in the loop regions, as for instance in ( I ) the loop defined by residues 25-36, (2) loop 5 (which comprises residues 127-137, including a small helix), and (3) residues 152-155. These residues are not well conserved in other sequences (Fig. 1) . The flexible loop (loop 6), which shows variable conformations in different TIM structures due to differences in crystallization conditions and presence or absence of inhibitors (Wierenga et al., 1992) , adopts the "closed" conformation in both independent subunits of the B. stearothermophilus TIM structure.
The two refined monomers in the asymmetric unit have an (Kabsch & Sander, 1983) . The figure was prepared by using MOLSCRIPT (Kraulis, 1991 in the other subunit makes only one hydrogen bond, with Lys 326(Ni) from the same subunit, whereas the other oxygen points to the solvent. Also, the B-values of 06' and 062 are significantly higher (65.9 A ' and 66.9 A ' , respectively) for Asp 354 compared with those of Asp 54. Hence, the largest difference in structure is the result of differences in crystal contacts.
Average main-chain E-factors for the two subunits are 18.9 and 15.9 A ' , respectively, and the average side-chain E-factors are 23.0 and 19.9 A', respectively. The E-factor plot of both subunits can been seen in Figure 6 and Kinemage 2. Quite intriguingly, there is a significant difference in the B-factors of the N-terminal and C-terminal halves of subunit 1. The average B-factor for the 120 N-terminal residues is 13.8 A2 and the average E-factor for the 131 C-terminal residues is 23.6 A' for subunit 1. This difference is not observed in subunit 2. The reason for this contrast in temperature factors of the N-terminal and C-terminal halves of subunit 1 becomes apparent when intersubunit interactions and crystal contacts are evaluated. The N-terminal half of each subunit is involved in subunit-subunit interactions, therefore perhaps has intrinsically lower B-factors than the C-terminal halves. The C-terminal part of subunit 1 shows the lowest number of crystal contacts which could explain the higher average B-factor for this part of subunit 1. On the other hand, the C-terminal half of subunit 2 is involved in extensive crystal contacts and thus has temperature factors comparable to its N-terminal half. Thus, an unusual combination of intersubunit interactions and crystal contacts seems to manifest itself as a variation in E-factors of the two halves of subunit 1.
The two monomers in the asymmetric unit are related by a nearly perfect twofold symmetry axis with a 179.2' rotation and a translation component of 0.004 A along the local symmetry axis. There are three insertions of one residue each in the E. stearotherrnophilus TIM sequence when compared to the Trypanosoma brucei model used in molecular replacement. These are all in the loop regions. Two of these insertions were very easily modeled into the density, but the last insertion was only possible to model late in the refinement through analysis based on an omit map. Active site and 2-PG binding Both active sites of the B. stearotherrnophilus TIM contain the inhibitor 2PG and Kinemage 1. The active site Lys 10 and His 94 are well positioned to carry out the enzymatic reaction. The third residue essential for the TIM activity, Glu 166, adopts the "swung out" (x, = -55" in subunit 1 and xI = -58" in subunit 2) conformation in both subunits, which is reported to be unsuitable for the catalysis (Wierenga et al., 1992) . The flexible loop adopts the "closed" conformation in both subunits, in agreement with previous results Wierenga et al., 1992) .
The interactions of 2PG with both subunits of B. stearotherrnophilus TIM are very similar to the previous TIM structures reported Mande et al., 1994) (Table 2 ). The phosphate oxygens make hydrogen bonds with the mainchain amino group of residues Gly 172, Ser 212, Gly 233, and Gly 234 (Fig. 3) . The main-chain amino group of Ser 212 also makes a hydrogen bond with Ala 170. The equivalent serines in other structures, namely, yeast TIM complexed with 2PG , subunit 2 of T. brucei TIM complexed with 2-phosphoglycerate (Noble et al., 1991a) , and glycerol-3-phosphate , show the same hydrogen bond with the inhibitor. However, among these structures, only ' I : brucei TIM in complex with 2-phosphoglycerate exhibits the hydrogen bond interaction between Ser 212 and Ala 170. (Mande et al., 1994 ; despite the fact that subunit 2 was complexed with 2PG), neither in E. coli TIM (Noble et al., 1993) nor in chicken TIM (Banner et al., 1975) , or in subunit 1 of 7: brucei TIM complexed with 2-phosphoglycerate (Noble et al., 1991a) , sulphate, and glycerol-3-phosphate . In all the structures in which Ser 211 is not in the same conformation as in that of B. stearotherrnophilus, the hydroxyl oxygen of Tyr 209 has no partner for hydrogen bonds, which is rather unusual. Due to these differences in different structures, the conformation adopted by this residue during the isomerization reaction still remains a mystery. The NC of active site residue Lys 10 makes a hydrogen bond with one of the carboxyl group oxygens of 2PG. The Ne2 of His 94 makes two hydrogen bonds with the carboxyl group oxygens of 2PG (Fig. 3) . The bridging oxygen of 2PG makes a hydrogen bond with the Gly 233 amino group. Hence, each oxygen of the inhibitor is making specific interactions with the enzyme. 
Comparison of TIM structures
The overall structure of E. stearothermophilus TIM is very similar to the five other known TIM structures. Differences primarily exist in loop regions. The alignment of all known TIM sequences can be seen in Figure 1 . A list of the reported TIM structures and the RMS difference between structurally equivalent C" positions of E. stearothermophilus and respective TIM structures is shown in Table 3 . Among the TIMs with known three-dimensional structure, E. stearothermophilus TIM is closest to chicken TIM, with 42.3% sequence identity. The threedimensional superpositions show that it deviates most from E. coli TIM, with an RMS difference of 1.7 A between structurally equivalent C" positions. (Davies et al., 1993) , and malate dehydrogenase (Kelly et al., 1993) . TIMs, however, form an excellent example for such analysis because in this family six three-dimensional structures are now available, four mesophilic (those of chicken, human, 7: brucei, and E. coli), one close to thermophilic (yeast), and one thermophilic (E. stearothermophilus). Nonetheless, a comparison based on structural features of each protein is difficult because each protein structure was determined by a different group, refined by a different approach, and at a different resolution (Table 3) . Fine details of each structure, such as hydrogen bonds, salt bridges, etc., depend to a considerable extent on the program used in the refinement. With these inadequacies in mind, we have analyzed a limited set of characteristics of the six structures in an attempt to understand higher stability of B. stearothermophilus TIM.
Sequences and stability
Amino acid compositions of all the TIMs with known threedimensional structures are listed in Table 4 . The table does not show any striking differences in the amino acid composition of E. stearothermophilus TIM compared to its mesophilic homologues. In the following paragraphs, two differences in the amino acid compositions and their significance to thermostability, if any, are analyzed.
Arginines. The number of arginines, or, rather, a larger Arg/ (Arg+Lys) ratio, has been reported to be higher in thermostable proteins (Merkler et al., 1981; Mrabet et al., 1992) . It is evident from Table 4 that this ratio is indeed higher in E. stearothermophilus TIM than in other TIMs. However, this is due to a lower content of lysines rather than a higher content of arginines. In order to explore if arginines indeed play a role in stabilization of E. stearothermophilus TIM, we examined their interactions in the TIM structures (Kinemage 3). As anticipated, almost all the arginines in E. stearothermophilus TIM reside on the surface of the protein, with the single exception of Arg 190, which is completely buried. The guanidinium moiety of Arg 190 makes extensive hydrogen bonds with the carboxyl groups of Asp 228 and the carbonyl oxygens of Ala 202, Ile 205 and the 0" of Gln 226.
The interactions of arginines with other residues in E. stearothermophilus TIM are in good agreement with those observed in other proteins (Nandi et al., 1993; Borders et al., 1994) . The most frequent interaction of the guanidinium group is with the charged carboxylate oxygens of Asp and Glu, whereas all other interactions are with main-chain carbonyl oxygens. Stacking interactions of the guanidinium group of arginines with aromatic side chains (Flocco & Mowbray, 1994) , as reported for other proteins, are also observed in E. stearothermophilus TIM. This is exemplified by an interaction between Arg 97 and Phe 101, in which the guanidinium plane of Arg 97 and the ring of Phe 101 make an angle of around 30°, and a strong van der Waals contact of 3.5 A. Thus, interactions of arginines with other protein residues in E. stearothermophilus TIM follow a pattern similar to that observed for other proteins.
Arg 48 and Arg 219 of B. stearothermophilus TIM are of particular interest to analyze with respect to thermostability, because no other sequence has an arginine at this position (Fig. l) . Because the guanidinium group of Arg has an increased hydrogen bonding capability compared to a Lys, we inspected the hydrogen bonding interactions of all arginines of the six TIM structures. The number of hydrogen bonding interactions per an arginine residue for the six TIM structures are 2.27 (B. stearothermophilus), 3.64 (chicken), 3.13 (E. coli), 2.20 (7: brucei), 3.13 (human), and 1.69 (yeast). These interactions obviously do not favor B. stearothermophilus TIM over other TIMs. Thus, although all the arginines of B. stearothermophilus TIM are involved in extensive interactions, we cannot conclude that any of these interactions contributes specifically to increasing its thermostability when compared to the mesophilic TIMs. Hence, in this case, it is difficult to correlate the higher ratio of Arg/ (Arg+Lys) to the better thermostability of B. stearothermophiIus TIM compared to other species. Table 4 it is clear that B. stearothermophilus TIM has the highest number of prolines (5.2%), being close to the human enzyme (4v0) and far exceeding all other TIM sequences (2.8%). Several investigators have reported that proline residues are responsible for thermostability by decreasing the entropy of the unfolded state (Watanabe et al., 1991; Nicholson et al., 1992; Hardy et al., 1993) . Of the 13 proline residues in B. stearothermophilus TIM (Kinemage 3), 5 are located at the N1 position of the helices, 4 in the loops joining cy-helices and successive 0-strands, and 3 between @-strands and following a-helices. Prolines in proteins are known to have preference for the N1 position of helices (Richardson & Richardson, 1988) . Among the TIM structures, chicken and human TIMs have three, E. coli and yeast TIMs have one, and 7: brucei TIM has two prolines at the N1 positions of helices. Thus, the five "N1 prolines," as well as other prolines in B. stearothermophilus TIM, appear to be favoring its higher stability.
Prolines. From
Role ofaspargine 12. Residue 12 is highly conserved as an
Asn among the known TIM sequences (Fig. 1 and Kinemage 3) . The conservation of this Asn is due to the crucial role of its sidechain amide nitrogen to preserve the unusual conformation of Lys 10 in the active site. The amide nitrogen of its side chain hydrogen bonds to the carbonyl oxygen of residue 9 and the mainchain nitrogen of residue 11. Residue Asn 12 is followed by Gly in most of the sequences. As is well known, an Asn followed by Gly in a polypeptide readily undergoes deamidation at elevated temperatures (Creighton, 1993) . If such an Asn is located at an interface of two monomers, then deamidation would introduce a negatively charged Asp at the interface, thereby reducing the stability of the oligomeric protein. Indeed, this Asn in yeast TIM has been shown to undergo deamidation at higher temperatures, with a concomitant loss of stability (Ahern et al., 1987) . B. stearothermophilus TIM seems to have evolved an elegant way to avoid such a situation. This Asn has been replaced in the B.
stearothermophilus TIM sequence by a His, thus placing the N62 nitrogen of its imidazole at the same position as the N6 of Asn and thereby preserving the same crucial structural role as played by Asn, while at the same time avoiding the risks of deamidation at higher temperatures by irreversible covalent modification. Interestingly, the TIM sequence of Thermotoga maritima, a hyperthermophile, also has a His at this position (F. Rentier-Delrue, unpubl. results). Thus, as we had noted in our earlier analysis, this mutation has a positive effect on B. stearothermophilus TIM stability (Rentier-Delrue et al., 1993) .
Hydrogen bonds and salt bridges
A calculation of hydrogen bonds in all the six available structures indicates that the number of hydrogen bonds in B. stearothermophilus TIM is not significantly different from the other TIM structures (data not shown). The human and E. coli structures show more hydrogen bonds than B. stearothermophiIus TIM. These results are the same when either the program WHATIF (Vriend, 1990) or XPLOR (Briinger, 1990a) is used. The quality and the energy of hydrogen bonds are very difficult to compare because either the resolution of each structure varies so much (from 1.83 to 2.8 A) or the refinements were done by different programs. Therefore, attempts to establish the contribution of hydrogen bonds to thermostability are not pursued further here.
Salt bridges were calculated by the program WHATIF (Vriend, 1990) . Counting only the number of salt bridges, B. stearothermophilus TIM ranks fifth, i.e., only E. coli enzyme has fewer number of salt bridges. The intersubunit salt bridges are well conserved in all TIM structure (for more detail in this analysis see Wierenga et al., 1992) . Therefore, salt bridges can not be considered as a positive factor of thermostability in B. stearothermophilus TIM. On the other hand, here also the difference in the structures due to resolution limits and refinement protocol makes it difficult to arrive at absolutely definite conclusions.
Buried surfaces
Hydrophobic effects are known to contribute significantly to the stability of proteins (see, e.g., Dill, 1990 ) and have been reported to be the main factors in the stability of hyperthermophilic proteins (Kirino et al., 1994) . In order to assess the effect of hydrophobic stabilization of B. stearothermophilus TIM upon dimer formation, we determined the buried accessible sur-2601 face areas of the known TIM structures (Kinemage 3). The estimate of the buried accessible surface area was taken to be the difference between the sums of accessible surfaces of the individual monomers and that of the dimer. During these calculations, carbon and sulfur atoms were considered apolar, whereas nitrogen and oxygen were considered to be polar. This indeed is a crude approximation, but should nevertheless give a fair estimate while comparing six different structures with the same procedure. Another complication while comparing buried surface areas arises from the variable conformation of the flexible loops in different structures. We therefore removed the flexible active site loop of all subunits in all the TIM structures during these calculations. Results of the accessible area calculations are summarized in Table 5 . Several interesting features stand out in this comparison. These are (1) the highest ratio of the polar to apolar accessible surface occurs B. stearothermophilus TIM, (2) burial of the largest percentage of monomer area upon dimer formation in B. stearothermophilus TIM, and (3) most important of all, the burial of the largest hydrophobic surface area in B. stearothermophilus TIM upon dimer formation: 314-534 A 2 more than in other TIMs ( Table 5 ) . If we use the reported value of 25 cal mol-' A -2 (Chothia, 1974; Richards, 1977) , there is a striking gain of 7.85 to 13.35 kcal mol-' in stability of the B. stearothermophilus TIM compared to other TIMs. Thus, in comparison to the other TIM structures, burial of hydrophobic area stands out as an important factor.
Yet another factor important for protein stability is the number of cavities in the structure and the buried cavity surface area (Erikson et al., 1992) . When the cavities in the different TIM structures are analyzed, we find, interestingly, that B. stearothermophilus TIM has the smallest number of cavities, the smallest total cavity volume, as well as the smallest surface lining these cavities ( Table 6 ). The buried cavity surface area of B. stearothermophilus TIM is 76.1-355.8 A 2 less than other TIMs. The reduced cavity volume and cavity surface area of the B. stearothermophilus TIM structure thus again favors its thermal stability.
Conclusions
As reported previously, there are several factors that contribute to the thermostability of proteins in general. From our analysis of six TIM structures, we conclude that the main thermophilic factors in B. stearothermophilus TIM are: (1) a large number of prolines, decreasing the flexibility of the monomers in the un- a Cavity calculations were performed using GRASP (Nicholls et al., 1991) . folded state; (2) the smallest number and volume of cavities in B. stearotherrnophilus TIM; (3) replacement of a structurally crucial Asn by a His; and (4) extensive hydrophobic interactions between the monomers upon the dimer formation that are significantly greater than in all other TIMs.
Material and methods
B. stearothermophilus TIM was overexpressed and purified as described by Rentier-Delrue et al. (1993) . Crystals were obtained by the hanging drop method: 2 pL of protein solution of 4 mg/mL in 5 mM MES, pH 6.5, 1 mM EDTA, 1 mM sodium azide, and 2 mM 2-phosphoglycolic acid was mixed with 2 pL of the reservoir solution, which consisted of 25% (w/v) PEG 4000 in 100 mM acetate buffer, pH 5.23, 8% isopropanol, 2 mM dithiothreitol, 1 mM EDTA, 1 mM sodium azide. The crystal was mounted in a siliconized glass capillary. Data were collected from a single crystal with dimensions 0.75 x 0.25 X 0.10 mm3 on a Siemens XI00 area detector, using CuK CY radiation from a Rigaku RU200 rotation-anode generator. Data was processed by the XENGEN (software copyright 1988, Genex Corp., Garthersburg, Maryland, USA) package. Statistics describing the data are shown in Table 7 .
The structure was solved by molecular replacement using the 7: brucei TIM structure ) as a starting model. The rotation search in XPLOR (Briinger, 1990a) gave two peaks that were 7.30 (0, = 160.0", O2 = 52.5", O3 = 75.0') and 7.10 (0, = 217.5", O2 = 75.0", O3 = 60.0") above the mean. The peaks are related by a rotation of nearly exactly 180". The next highest peak was 4.50. PC refinement (Briinger, 1990b) was used to optimize and improve the solutions. The solution of the rotation function was used in the translation search, which gave only one peak with a 140 signal above the mean value, the next highest peak being only 4.40 above the mean. At this stage, the model was replaced by a polyalanine model. Subunit I was then used to generate subunit 2 by the noncrystallographic twofold axis and rigid body refinement of the dimer was applied, which gave an R-factor of 47.1% (for 12,119 reflections between 8.0-2.8 A, overall B of 20.0 A').
Twofold averaging and solvent flattening was applied using the DEMON package (Vellieux, 1993) . Six cycles of averaging in the range of 15.0-3.2A resolution was followed by a resolution extension to 2.8 A in 13 steps of 0.03 A, finalized by an additional six cycles at 2.8 A resolution. An averaged and solventflattened weighted map (all maps calculated were SIGMAA weighted [Read, 1986) ) was used to model 60% of the side chains into this density by 0 (Jones et al., 1991) . Subsequently the slowcooling simulated annealing refinement protocol of XPLOR was applied (Brunger et al., 1990) with noncrystallographic restraints between the monomers. The R-factor dropped to 33.5% (for 12,119 reflections between 8-2.8 A, with an overall B-factor of 15.0 A'). A new map was calculated, making it possible to fit 15% more of the side chains. Slow-cooling simulated annealing was then applied without noncrystallographic restraints, followed by an individual B-factor and positional refinement, which dropped the R-factor to 26.2%. The map showed very poor density for several loops, mainly the flexible loops that were in the open conformation in the molecular replacement model. Therefore, omit maps over all poorly defined density were calculated that showed, in almost all cases, good density for the loops, and the main chain was adjusted on the graphics. The most impressive result was in the flexible active site loops, which were in the "open" conformation in the molecular replacement model, appearing in the omit map clearly in the "closed" conformation. Positional and B-factor refinement after some model building dropped the R-factor to 18.7%. At this stage, it was very clear that the density for the inhibitor in both subunits could be contoured at the 30 level for the entire 2PG and up to 70 for the phosphate. After the inclusion of the inhibitor molecules, some additional manual adjustments and refinement, the R-factor dropped to 17.9%. Final model building and refinement yielded a R-factor of 17.6%, with very good geometry. The refinement statistics can be seen in Table l .
All comparisons and analysis were done using either 0 (Jones et al., 1991) or BIOGRAF (version 3.21, Molecular Simulations Inc., Burlington, Massachusetts, USA). The hydrogen bonds and salt bridges were calculated using either WHATIF (Vriend, 1990) or XPLOR (Brunger, 1990a) . Accessible surfaces were calculate using modified RESAREA and SURFACE programs of the CCP4 suite (1994). Sequence alignment was done using GCG (Genetic Computer Group, Inc., copyright 1982 , Wisconsin, USA). Ramachandran plots were calculated with the PHIPSI program of the BIOMOL package. The secondary structure was assigned by using DSSP (Kabsch & Sander, 1983 ). Calculation of cavities was done by using GRASP (Nicholls et al., 1991) suite, first calculating the molecular surface area, and then searching for the enclosed inaccessible cavities.
